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Introduction {#s1}
============

Brachial plexus injury (BPI) is a neurological complication of shoulder trauma, most commonly due to vehicle, especially motorbike accidents [@pone.0101918-Midha1]. Severe forms lead to avulsion of nerve roots, with loss of motoneurons, muscle denervation, atrophy and dysfunction [@pone.0101918-Koliatsos1]. A model to assess recovery following BPI is the experimental avulsion of nerve roots followed by their re-implantation. Root re-implantation or peripheral nerve grafts help injured motoneurons to survive, regrow axons and re-innervate target muscles, which contributes to functional recovery [@pone.0101918-Carlstedt1]--[@pone.0101918-Midha2]. Limb motor function is directly controlled by spinal motoneurons, the activity of which is regulated by cortical input, mainly via the CST [@pone.0101918-Lemon1]--[@pone.0101918-Terashima1]. In rodents, CST axons reach the brainstem-spinal cord junction around birth (P0), and the refinement of their projections is complete ten days later (P10) [@pone.0101918-Joosten1]--[@pone.0101918-Eyre1]. During that P0-P10 interval, several changes occur in the spinal cord. Muscle afferent synapses to spinal motoneurons are gradually eliminated [@pone.0101918-Dekkers1], [@pone.0101918-Gibson1] and the strength of the monosynaptic stretch reflex decreases [@pone.0101918-Kudo1]. The inner circuitry in the spinal cord is rearranged; the distribution of spinal interneurons is refined and inactivation of the corticospinal system hampers this reorganization [@pone.0101918-Chakrabarty1]. Expression of genes such as c-Jun and Parvalbumin (PV), fluctuates in parallel with variations in cortical input, and early inhibition or lesion of the motor cortex perturbs their expression pattern in the spinal cord [@pone.0101918-Clowry1]--[@pone.0101918-Gibson2]. In mice with an isolated cortex, the spinal cord, particularly motor components, cannot mature completely [@pone.0101918-Han1]. In contrast, in the adult, motor cortex lesions do not induce much reaction in the spinal cord [@pone.0101918-Gibson2], indicating that spinal cord maturation proceeds during a critical period, after which plasticity is compromised.

Whether motoneuron recovery following BPI is regulated by cortical input remains poorly understood. Previous studies focused on the effect of cortical stimulation on the regeneration of corticospinal axons. In rat CST lesion models, electrical stimulation of spared corticospinal axons enhances their sprouting and strengthens connections with spinal motor circuits [@pone.0101918-BrusRamer1]. Chronic electrical stimulation of the intact motor cortex promotes the growth of corticospinal axon to the denervated side of the spinal cord and brain stem, which contributes to locomotor restoration [@pone.0101918-Carmel1], [@pone.0101918-Carmel2]. In humans with chronic spinal cord injury, strengthening corticospinal synaptic transmission using transcranial magnetic stimulation promotes motor recovery [@pone.0101918-Bunday1].

To assess the impact of corticospinal input on motoneuron recovery, we compared motoneuron reaction, axonal regeneration and motor function after brachial plexus avulsion and root re-implantation in control and in *Celsr3\|Emx1*mutant mice, in which the CST is congenitally deficient [@pone.0101918-Zhou1]. Our results indicate that modulation of cortical input maybe regulate motoneuron axonal regeneration, hinting at possible future applications.

Materials and Methods {#s2}
=====================

Ethics statement {#s2a}
----------------

Animal procedures were performed in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. The protocol was approved by Laboratory Animal Ethics Committee at Jinan University (Permit Number: 20111008001). All surgery was performed under avertin anesthesia, and all efforts were made to minimize the suffering and number of animals used.

Animals {#s2b}
-------

We crossed \[Celsr3+/-; Emx1-Cre\] males with Celsr3f/f females to obtain \[Celsr3f/-; Emx1-Cre\] mutant mice (*Celsr3\|Emx1* for short), in which Celsr3 is conditionally inactivated in Emx1 positive cells, and used \[Celsr3f/+; Emx1-Cre\] as controls. The following primers were used for genotyping. Celsr3 18S: 5′-AGC CAA GAT GTC CGA GTC AC-3′, Celsr3 19AS: 5′-GCC CAC AAG TGT CCT GTC TC-3′, Celsr3 28AS: 5′-AGC ATG GAG GTA GTG GAA GG-3′; Emx1_IRESF: 5′-GCG AGC CTT TGA GAA GAA TC-3′, Emx1_RESR: 5′-CCT TAT TCC AAG CGG CTT CG-3′ [@pone.0101918-Zhou1].

Brachial plexus avulsion and re-implantation models {#s2c}
---------------------------------------------------

Adult mutant and control mice (2--3 month old, weight 25--30 g) were anaesthetized with avertin (intraperitoneal injection, 13 µl/g). Following hemilaminectomy, the dura mater was opened and C5--C7 segments were identified based on their location relative to the long spine of T2. Right C5--C7 dorsal and ventral roots were dissected out, the 2--3 mm proximal segments of C5 and C7 were cut off to prevent reconnection to the spinal cord, and the right C6 ventral root was inserted back to its original location ([Fig. 1](#pone-0101918-g001){ref-type="fig"}). Following recovery from surgery, animals were housed in individual cages. They resumed drinking and eating within 1 day and recovered uneventfully. They were monitored and studied for up to 5 months after surgery.

![Animal model.\
A: In *Celsr3\|Emx1* mice, corticospinal axons (CST) do not reach the internal capsule and the spinal cord, but the rubrospinal (RST) and the reticulospinal tracts (ReST) are preserved. B--E: Surgical root avulsion/re-implantation procedure. At the cervical enlargement, right C5--C7 ventral and dorsal roots are tore off (B, arrows in C), the proximal endings of C5 and C7 are severed, and C6 roots are re-implanted to the corresponding segment (D, arrow in E).](pone.0101918.g001){#pone-0101918-g001}

Behavioral studies {#s2d}
------------------

Behavioral tests were carried out by an experimenter blind to mouse genotypes.

### Grooming test {#s2d1}

Elbow flexion was evaluated using the grooming test [@pone.0101918-Bertelli1]. Briefly, water was sprayed on the animal\'s head, and forelimb movements to remove the water were recorded with a video camera for 2 min. Based on the position of the forepaw upon elbow flexion, the score ranged from 0 to 5 as follows: 0, no response; 1, elbow flexion without touching the nose; 2, touching the nose; 3, reaching below the eye; 4, reaching the eye; 5, reaching the ear or back of the ear ([Fig. 2A](#pone-0101918-g002){ref-type="fig"}).

![*Celsr3\|Emx1* mice show poor recovery of elbow flexion after surgery.\
A: Positions of forelimbs and corresponding scores in grooming tests (adapted from Bertelli & Mira, 1993). B: Mean scores of grooming tests pre- and post-surgery in both groups. Before surgery, the mean score around 5 was comparable in both genotypes. Control mice initiated a progressive recovery around 21 days, reaching a mean score of 3.11±0.25 after five months. In the mutant group, a few mice showed functional recovery from one month post surgery, but the mean score from day 21 to 5 months was lower than in control mice (*t*-test, *P*\<0.01, n = 12).](pone.0101918.g002){#pone-0101918-g002}

### Catwalk analysis {#s2d2}

Walking was assessed 5 months post surgery, using the Catwalk system and the EthoVision XT 9.0 software (Noldus, The Netherlands). The conditions for collecting data were to complete one-way walk in 1--10 sec, with a walking speed variation less than 60%. Footprint patterns, maximal contact area (foot to floor area) and intensity of contact were measured. Footprint Intensities were recorded by plotting print intensities of 4 paws in one individual frame.

Electromyography (EMG) {#s2e}
----------------------

The function of biceps brachii was estimated by EMG [@pone.0101918-Han1]. Briefly, the musculocutaneous nerve and biceps brachii were partially exposed under a surgical microscope under avertin anesthesia. A stimulating bipolar electrode was placed on the musculocutaneous nerve and a recording electrode was inserted in the center of the biceps, with a grounding electrode in the subcutaneous tissue. Similar stimulations (0.3 mA, 0.5 ms, 1 Hz) were applied for 20 ms in all animals. EMG signals were collected with a multi-channel signal acquisition and processing system (RM6240BD, Chengdu, China). Individual responses were measured three times, at 2-min intervals, on left and right sides. The peak-to-peak amplitude of evoked potentials was measured and expressed as the ratio between the operated (R) and the unoperated (L) sides. After recording, the biceps brachii were fixed in 4% paraformaldehyde to estimate the R/L weight ratio.

Histology and immunohistochemistry {#s2f}
----------------------------------

Thirty µm-thick serial frozen sections were stained with 0. 1% cresyl violet to visualize tissue morphology. For immunohistochemistry, sections were washed in 0.1 M phosphate buffer saline (PBS), blocked in 10% goat serum and 3% albumin bovine serum for 2 hr, and incubated with primary antibodies overnight at 4°C. Signal was detected with Alexa fluor 546 or 488 fluorescent secondary antibodies (1∶1000, Invitrogen). Primary antibodies were: goat anti-choline acetyl transferase (ChAT, 1∶500, AB144p, Millipore), rat anti-CD11b (1∶1000, MCA711G, AbD serotec), rabbit anti-GAP-43 (1∶2000, AB5312, Chemicon), mouse anti-NeuN (1∶1000, MAB377, Chemicon), rabbit anti-MBP (1∶200, M3821, Sigma), rabbit anti-c-Jun (1∶500, Cat. No. 9165, CST) and mouse anti-Parvalbumin (PV, 1∶2000, Cat. No. MAB1572, Millpore).

NMJs morphology {#s2g}
---------------

Five months after surgery, forty µm-thick frozen longitudinal sections of the biceps brachii were prepared using a sliding microtome (Leica SM 2010R). Rabbit anti-neurofilament 200 (NF200, 1∶1000, N4142, Sigma) and alpha-bungarotoxin conjugated to Alexa fluor 546 (*a*-BT, 1∶1000, T1175, Molecular Probes) were used to label axons and acetylcholine receptors (AchRs). For each section, five isolated AchR clusters were photographed under100× oil objective and 100 NMJs were studied in 4 animals in each group. NMJs were ranked in three categories: mature, denervated and immature (remodeled and neoformed) as described [@pone.0101918-Huze1], and the proportion of each type was calculated.

Assessment of regeneration and remyelination {#s2h}
--------------------------------------------

Following 4% paraformaldehyde perfusion, 4 mm-long proximal, middle and distal portions of musculocutaneous nerves were collected on days 7, 14 and 21, and post-fixed at 4°C overnight. Nerve segments were divided in two for preparation of longitudinal and transverse sections. Seven µm-thick cryostat sections were used for MBP immunofluorescence. For each transverse section, the fluorescence intensity within myelin sheath was estimated using Image J, and the mean of proximal, middle and distal portions (each portion containing 5 sections) was estimated to represent one sample. Four animals were used in each group.

Five months after surgery, mice were anesthetized with avertin and perfused intracardially with a solution of 2% glutaraldehyde and 2% paraformaldehyde in 0.15 M phosphate buffer (PB, pH7.4). One mm-long middle segments of musculocutaneous nerves were immersed in the same fixative overnight at 4°C, washed in 0.15 M PB, and postfixed in 0.5% osmium tetroxide for 1--2 hr. Following dehydration in alcohol and embedding in resin (EMbed 812, Electron Microscope Sciences), small samples (about 1 mm) were glued in resin blocks. 700 nm-thick transverse sections were stained with1% Toluidine Blue for imaging under a 100× oil objective. For each section, the number of differently sized axons and G-ratio was measured. The G-ratio, the ratio of the inner to the outer diameter of the myelin sheath, is widely used to assess axonal myelination. The normal value is about 0.6 in normal peripheral nerves [@pone.0101918-Chomiak1]. During regeneration, axons undergo an initial period of hyper-remyelination with low G-ratio, which then reverts gradually to the normal value [@pone.0101918-Chomiak1]. Three animals were used in each group.

Estimation of cell numbers and measuring fluorescence density in spinal cords {#s2i}
-----------------------------------------------------------------------------

To study changes of spinal motoneurons in the cervical enlargement, serial sections from C5--C7 segments, prepared 5 months post surgery, were allocated to 4 alternative series of 10 sections. One series was stained with 0.1% cresyl violet (Nissl stain), one with anit-NeuN and another one with anti-ChAT. Nissl-stained motoneurons were identified as described [@pone.0101918-Li1], large NeuN-positive and ChAT-positive neurons were counted in the ventral horn. The number of cells was estimated separately on the left (L) and right (R) side of each section. The mean from one series of section was taken as one sample and the R/L ratio was calculated. Six animals were used in each group.

To calculate c-Jun and Parvalbumin (PV) positive cells in the ventral horn, we prepared serial sections from C5--C7 segments 3 days post surgery and immunostained alternative series of about 10 sections for each antibody. The number of c-Jun or PV positive cells in the ventral horn was counted separately on the left (L) and right (R) sides of each section. The mean from one series of section was taken as one sample and the R/L ratio was calculated. In each group, 6 animals were used for anti-c-Jun immunostaining and 3 animals were used for anti-PV immunostaining.

Because of GAP-43 expression only in the injured ventral horn and CD11b expression on the whole injured side after injury, we captured images of anti-GAP-43 stained sections under 20× objective containing the ventral horn and of anti-CD11b stained sections under 10× objective containing the right hemi-segment. Twelve images were taken from each animal for each staining and Integrity Density of fluorescence was measured by Image J. with a auto-set and constant threshold to keep the positive signal only. Mean of Integrity Density from 12 images represented the expression level of one animal and results were compared with one-way ANOVA. Four animals were used at each time-point of each group.

Western blot {#s2j}
------------

Three days post surgery, injured and intact sides of C5--C7 hemi-segments were separately collected and homogenized in lysis buffer (20 mM Tris-HCl pH7.5, 150 mM NaCl, 1% Triton X-100, 25 mM NaPPi, 80 mM *β*-glycerophosphate, 2 mM EDTA, 0.2 mM Na~3~VO~4~). Lysates were frozen/thawed four times, and cleared by centrifugation at14,000 rpm for 15 minutes at 4°C. Supernatants were pooled and protein concentrations were measured using the Bradford method. Samples containing 30 µg total protein were analyzed on 10% SDS-PAGE gels and transferred to nitrocellulose membrane (BioScience) by electroblotting (Bio-Rad). Membranes were blocked with 3% BSA and 1% Tween20, in PBS, for 30 min, and incubated with rabbit anti-BDNF (1∶2000, Cat.No. ab6201, Abcam), goat anti-TrkB (1∶2000, Cat.No. AF1494, R&D), rabbit anti-NT-3 (1∶2000, Cat.No. ab65804, Abcam), rabbit anti-GDNF (1∶1000, Cat.No. ab18956,Abcam), rabbit anti-p75(1∶2000,Cat.No. G3231,Promega) and rabbit anti-*β*-tubulin (1∶1000, Cat.No. 2128S, CST), at 4°C overnight. Signal was detected using HRP-conjugated rabbit or goat antibodies followed by chemiluminescence using a Super Signal West Pico kit (Pierce) and Hyper film ECL (Amersham Biosciences). All experiments were carried out at least in triplicate. Autoradiography films were scanned and signals were quantified using Image J. In each experiment, signal of each protein was normalized to the corresponding control protein, *β*-tubulin, and the data were presented as the ratio of each protein to the control protein and analyzed using Student\'s *t*-test. Six animals were used in each group.

Statistical analysis {#s2k}
--------------------

Data are presented as mean ±SEM. Cell numbers, fluorescence density of different markers and the corresponding R/L ratios in control animals were compared with those in *Celsr3\|Emx1* animals. Electrophysiological data and muscle weights were compared with those from the control contralateral sides, and/or between control and mutant groups. One-way ANOVA or *t*-test, with a Student--Newman--Keuls test or a Bonferroni correction for multiple comparisons, was used. Results were considered significant (\*) at *P*-values \<0.05 and highly significant (\*\*) at *P*-values \<0.01.

Results {#s3}
=======

Following root avulsion/re-implantation, recovery of forelimb movements is lower in *Celsr3\|Emx1* than in control mice {#s3a}
-----------------------------------------------------------------------------------------------------------------------

In *Celsr3\|Emx1* mutant mice, corticospinal axons do not enter the internal capsule and never reach the spinal cord, a phenotype confirmed using labeling with the Thy1-YFP transgene, PKC~γ~ immunostaining and FluoroGold retrograde tracing [@pone.0101918-Zhou1]. In contrast, the rubrospinal, vestibulospinal and reticulospinal tracts are preserved ([Fig. 1A](#pone-0101918-g001){ref-type="fig"}), and mutant mice maintain normal walking abilities, presumably due to preservation of the RST (unpublished observations).

To compare motor recovery in *Celsr3\|Emx1* mutant and control mice, we used the root avulsion and re-implantation model ([Fig. 1B--E](#pone-0101918-g001){ref-type="fig"}). Since the biceps brachii is mainly innervated by motoneurons from the C6 spinal segment and drives elbow flexion, avulsion of roots C5--7 results in its denervation and elbow flexion disability. Re-implantation of the C6 ventral root provides a bridge that enables motor axons to re-innervate the biceps and restore function [@pone.0101918-Gu1]. Before surgery, control and mutant mice displayed comparable skills in the grooming test, with a mean score of 5, showing that mice without a CST have normal elbow flexion. After surgery, grooming tests were performed at days 7, 14, and 21, and months 1, 2, 3, 4 and 5. In control mice, recovery began around day 21, and the mean score increased gradually to reach a plateau between months 3 and 5. In contrast, few mutant mice showed any functional recovery, the mean score remaining at 1 until 5 months post surgery ([Fig. 2B](#pone-0101918-g002){ref-type="fig"}). Gait was studied using Catwalk tests at 5 months post-surgery. In controls, prints of the right forelimb, including the palm and five paws, were easily identified ([Fig. 3A](#pone-0101918-g003){ref-type="fig"}). By contrast, prints of mutant right forelimbs were blurred, although hindlimb prints were comparable to controls ([Fig. 3B](#pone-0101918-g003){ref-type="fig"}). In tridimensional (3D) cumulative prints, the paws and palms were easily identified in the control but not in the mutant ([Fig. 3C, D](#pone-0101918-g003){ref-type="fig"}). We measured the maximal contact area and the mean intensity of the right (R, surgery side) and the left (L, unoperated side) forelimbs and used the R/L ratio as an index of walking recovery. The R/L ratio of maximal contact areas was 0.84 in the control group, versus 0.61 in the mutant, a significant difference ([Fig. 3E](#pone-0101918-g003){ref-type="fig"}; *P*\<0.01, n = 10). Similarly, the R/L ratio of the mean intensity was significantly lower (0.89) in mutants than in control animals (0.98) ([Fig. 3F](#pone-0101918-g003){ref-type="fig"}; *P*\<0.01, n = 10).

![*Celsr3\|Emx1* mice display walking deficits after surgery.\
The walking ability was evaluated using the Catwalk tests five months after surgery. In control mice (A), the footprints (right forelimb, RF and left hind limb, LH) were clearly identified. In mutant mice (B) the RF print of the mutant mouse was blurry, although the intact footprint was distinct. Using tri-dimension (3D) Footprint Intensities charts, control mice showed prints of the palm and finger (C), whereas only palm prints were seen in mutant mice (D). The ratio of maximal contact area of the operated versus intact forepaw (R/L ratio) was significantly decreased in *Celsr3\|Emx1* mice (E). Similar results were observed for the R/L mean print intensity ratios (F). \*\*: *P*\<0.01, One-way ANOVA, n = 10.](pone.0101918.g003){#pone-0101918-g003}

More spinal motoneurons survive after root avulsion in *Celsr3\|Emx1* than in control mice {#s3b}
------------------------------------------------------------------------------------------

Five months after surgery, right C5--C7 spinal segments showed signs of shrinking in both mutant and control mice. To compare motoneuron survival, we estimated motoneuron numbers in the ventral horn on lesioned (right, R) and unlesioned (left, L) sides, using Nissl staining. In both groups, the number of motoneurons was decreased on the lesioned compared to the unoperated side ([Fig. 4A, B](#pone-0101918-g004){ref-type="fig"}). However, the R/L ratio of motoneuron number was 61% in the control and 89% in the mutant, a significant difference ([Fig. 4G](#pone-0101918-g004){ref-type="fig"}; *P*\<0.05, n = 6 in each group). A similar result was obtained with anti-NeuN staining, 60% in controls versus 87% in mutants ([Fig. 4C, D, G](#pone-0101918-g004){ref-type="fig"}; *P*\<0.01, n = 6 in each group). We confirmed that result using anti-ChAT immunofluorescence, which labels spinal motoneurons in the ventral horn and a few interneurons around the central canal [@pone.0101918-Han1]. On the lesioned side, ChAT-positive motoneurons were much reduced in number in both groups ([Fig. 4E, F](#pone-0101918-g004){ref-type="fig"}), with R/L ratios of 56% in the control and 72% in the mutant, a significant difference ([Fig. 4G](#pone-0101918-g004){ref-type="fig"}; *P*\<0.05, n = 6 in each group). Motoneurons were less numerous in mutant than in control unlesioned spinal cord, thereby emphasizing the difference observed in the R/L ratios, and indicating that mutant motoneurons were more resistant to the avulsion lesion than control ones. As neurotrophic factors play important roles in influencing neuronal survival [@pone.0101918-Chu1], we compared the expression of TrkB, p75, BDNF, NT-3 and GDNF with Western blot 7 days post surgery ([Fig. 5](#pone-0101918-g005){ref-type="fig"}). In control mice, the expression of TrkB and BDNF was significantly decreased on injured sides compared to intact sides. However, there was not much diiference of neurotrophic factors and receptors between two sides in mutant mice, which resulted in comparably higher expression of TrkB and BDNF on injured sides in the mutant than in the control although their expression was comparable on unoperated sides between two groups. The surgery induced an increase of p75-expression on the injured side in control mice and there was a lower expression on both sides in mutant mice compared to control mice. Thus, the changes in expression levels of neurotrophic factor and receptors post surgery are probably associated with different motoneuron survival rates between the two genotypes.

![Spinal motoneurons are more resistant to the avulsion injury in *Celsr3\|Emx1* than control mice.\
C5--C7 segments of spinal cords were collected 5 months post surgery for Nissl staining, anti-NeuN and anti-ChAT immunofluorescence. A--F: Transversal sections at C5--C7 in control (A, C, E) and mutant spinal cord (B, D, F), stained with Nissl (A, B), anti-NeuN (C, D) and anti-ChAT (E, F). Differences in neuron numbers between Intact and Lesion sides are evident and quantified in G, using the Intact/Lesion (R/L) ratios as indexes. \*, *P*\<0.05; \*\*: *P*\<0.01, *t*-test, n = 6 in each group.](pone.0101918.g004){#pone-0101918-g004}

![Expression profile of neurotrophic factors and receptors 7 days post surgery.\
Seven days post surgery, injured (R) and intact (L) sides of C5--C7 segments were collected separately for Western blot with anti- TrkB, p75, BDNF, NT-3 and GDNF antibodies in control (Ctrl) and *Celsr3\|Emx1* (Mut) mice, and *β*-tubulin was used as a control protein (A). The expression level of each protein was normalized to*β*-tubulin (B). Comparisons were summarized in C. In control mices, the expression of TrkB and BDNF was significantly decreased, but that of p75 was significantly increased, on injured sides (R) compared to intact sides (L). There was not significant difference in expression of neurotrophic factors and receptors between injured and intact sides in mutant mice. On both sides, the expression level of p75 was significantly lower in the mutant than in the control. On injured sides, the expression of TrkB and BDNF was significantly higher in the mutant than in the control although their expression was comparable on intact sides between two groups. "↓", lower or decreased expression; "↑", higher or increased expression; "\_", no significant difference; \*, *P*\<0.05; \*\*, *P*\<0.01; Ctrl-L, left side of control mice; Ctrl-R, right side of control mice; Mut-L, left side of mutant mice; Mut-R, right side of mutant mice. Six animals were used in each group and *t*-test was used for comparisons.](pone.0101918.g005){#pone-0101918-g005}

Root avulsion activates macrophages, presumably to remove injured cells [@pone.0101918-Koliatsos1]. To detect activated macrophages, we used anti-CD11b immunofluorescence staining on days 7, 14 and 21 post surgery. CD11b positive cells were found on the lesioned but not the unoperated side. On day 7, intense CD11b-ir was widely dispersed in the ventral and dorsal horns, and in the white matter in both groups, albeit less intense in mutant than in control samples ([Fig. 6A, D](#pone-0101918-g006){ref-type="fig"}). It decreased during subsequent days to reach a minimal level on day 21 ([Fig. 6B, C, E, F](#pone-0101918-g006){ref-type="fig"}). At all time points, CD11b-ir was lower in mutants than in controls ([Fig. 6G](#pone-0101918-g006){ref-type="fig"}). Less macrophage reactivity in the mutant may help explain the higher rate of motoneuron survival and the slower regeneration of their axons, leading to reduced functional recovery.

![Macrophages are activated followed root avulsion/re-implantation.\
In transverse sections at C5--C7, anti-CD11b immunoreactivity is widely distributed in the white and gray matter on the lesion side with a decreasing trend from day 7 to day 21, in both the control (A--C) and the mutant (D--F). At each time-point, CD11b expression is higher in the control than the mutant (G). VH, ventral horn. \*, *P*\<0.05; \*\*, *P*\<0.01; comparison at different time-points with *t*-test, n = 4 mice in each group.](pone.0101918.g006){#pone-0101918-g006}

To estimate the regeneration ability of surviving neurons, we studied GAP-43 expression at days 7, 14 and 21. At the level of C6, GAP-43 immunoreactivity (ir) in ventral horns was high on the side of the lesion, but absent on the intact side. From days 7 to 14, the intensity of GAP-43-ir increased gradually, and then decreased in both groups ([Fig. 7A--F](#pone-0101918-g007){ref-type="fig"}). However, GAP-43 expression was significantly lower in mutants than in controls at all three time-points ([Fig. 7G](#pone-0101918-g007){ref-type="fig"}), indicating that surviving motoneurons in the control may have stronger regeneration potential. As described before, the expression of c-Jun and PV fluctuates accompanying with variations in cortical input. As an immediate-early gene, c-Jun acts as an important regulator of axonal regeneration in the injured central nervous system [@pone.0101918-Raivich1] and it is expressed in spinal motoneurons after root avulsion [@pone.0101918-Wu2]. We then studied their expression 3 days post surgery ([Fig. 8](#pone-0101918-g008){ref-type="fig"}). In injured ventral horns, c-Jun positive cell number was about 5-fold increase in control mice and 2-fold increase in mutant mice compared to intact ventral horns, and the R/L ratio of c-Jun positive cells in the mutant was significantly lower than in the control ([Fig. 8A--C, *P*](#pone-0101918-g008){ref-type="fig"}\<0.01, n = 6), which could contribute to more efficient axonal regeneration in the control than in the mutant. However, the expression change of PV was comparable between two groups ([Fig. 8D--F, *P*](#pone-0101918-g008){ref-type="fig"}\>0.05, n = 3).

![Regeneration estimated by GAP-43 expression in the post surgery spinal cord.\
In transverse sections at C6, GAP-43 immunoreactivity (ir) is concentrated in the ventral horn (VH) on the lesion side on days 7, 14 and 21 post surgery, reaching maximal level on day 14, in both the control (A--C) and the mutant (D--F). At each time-point, GAP-43 expression is higher in the control than the mutant (G). \*, *P*\<0.05; \*\*, *P*\<0.01; comparison at different time-points with *t*-test, n = 4 mice in each group.](pone.0101918.g007){#pone-0101918-g007}

![Expression of c-Jun, not Parvalbumin, is increased at the early stage of post-surgery.\
C5--C7 spinal segments were prepared for anti-c-Jun and Parvalbumin (PV) immunofluorescence 3 days post surgery. The expression of c-Jun was rapidly increased on injured sides in both groups, mostly in the ventral horn (VH) and the dorsal horn (DH) (A, B). The number of c-Jun positive cells was counted in the VH on both sides, and its ratio of the right side to the left side (R/L) was calculated, showing significant lower in the mutant than in the control (C). PV- positive neurons were easily identified in the middle region of the gray matter (D, E), but the R/L ratio of the cell number showed no statistic difference between two genotypes (F). CC, the central canal; \*\*, *P*\<0.01; n = 6 animals in each group for c-Jun immunostaining and n = 3 animals in each group for PV immunostaining; comparison by *t*-test.](pone.0101918.g008){#pone-0101918-g008}

Motor axon regeneration and remyelination are delayed in *Celsr3\|Emx1* mice {#s3c}
----------------------------------------------------------------------------

To evaluate axonal regeneration and remyelination, we examined musculocutaneous nerves at 5 months. In intact nerves, the number of axons and their diameters were comparable in both genotypes ([Fig. 9A, B](#pone-0101918-g009){ref-type="fig"}). In regenerating nerves, the number of small axons (diameter 1--4 µm) was significantly decreased, whilst the number of larger axons (the diameter\>4 µm) was similar in *Celsr3\|Emx1* versus control samples ([Fig. 9C, D, E](#pone-0101918-g009){ref-type="fig"}), indicating that mutant nerves contained less regenerating axons (n = 3 animals in each group). In controls, the G-ratio of small axons (diameter\<4 µm) was less than 0.55, indicating axon hyper-myelination, whereas that of larger axons (diameter\>4 µm) was about 0.6, suggesting maturation. In contrast, an elevated G-ratio (more than 0.65) was found for all axon categories in the mutant ([Fig. 9F](#pone-0101918-g009){ref-type="fig"}), suggesting that impaired remyelination affected axons of all sizes.

![Post surgery axon number and G-ratio are different in the two groups.\
Unlesioned, normal nerves (A, B) are similar in both genotypes. Five months after root avulsion/re-implantation (C, D), smaller axons are more abundant in control than in mutant regenerating nerves (quantification in E), and the G-ratio (the ratio of the inner to the outer diameter of the myelin sheath) is higher in mutant than control samples (quantified in F). A--D: Plastic semi-thin sections stained with Toluidine Blue. \*: *P*\<0.05; \*\*: *P*\<0.01; comparison at different sized axons with *t*-test, n = 3 mice in each group.](pone.0101918.g009){#pone-0101918-g009}

To appreciate the dynamics of remyelination, we examined MBP expression in musculocutaneous nerves on days 7, 14 and 21. In both longitudinal and transverse sections, MBP was expressed in intact musculocutaneous nerves, with no difference between genotypes ([Fig. 10A--D](#pone-0101918-g010){ref-type="fig"}). After surgery, MBP expression decreased somewhat earlier in the control than in the mutant, reaching a minimal level after 7 days in the control versus 14 days in the mutant. It then increased gradually, still earlier in the control than in the mutant ([Fig. 10E--P](#pone-0101918-g010){ref-type="fig"}). Compared to the control, MBP expression was significantly lower in the mutant on day 7, but significantly higher on days 14 and 21 post surgery ([Fig. 10Q](#pone-0101918-g010){ref-type="fig"}).

![Remyelination is less prominent in *Celsr3\|Emx1* than control mice after root avulsion/re-implantation.\
Longitudinal and transverse sections of musculocutaneuous nerves, prior to, and at different time-points post surgery, stained with anti-MBP. MBP is highly expressed in intact musculocutaneous nerves, with no difference between genotypes (A--D). After surgery, MBP expression decreases and reaches minimal expression after 7 days in the control and 14 days in the mutant, and then increases gradually (E--P). Q: In mutant nerves, MBP density is significantly higher than in control nerves at 7 days but lower after 14 and 21 days. \*: *P*\<0.05, comparison at different time-points with *t*-test, n = 4 in each group.](pone.0101918.g010){#pone-0101918-g010}

Absence of the CST hinders new NMJ formation and functional recovery after root avulsion and re-implantation {#s3d}
------------------------------------------------------------------------------------------------------------

The formation of new NMJs is critical to functional recovery. We compared left (L, intact side) and right (R, surgery side) biceps brachii muscles 5 months after surgery. Muscle morphology did not display any evident anomaly in both genotypes ([Fig. 11A](#pone-0101918-g011){ref-type="fig"}). However, the R/L wet weight ratio was 97% in controls (n = 10) versus 80% in mutants (n = 10), a significant difference ([Fig. 11B, *P*](#pone-0101918-g011){ref-type="fig"}\<0.01).We sampled 100 NMJs in 4 animals of each genotype and classified them as denervated, mature and immature (including remodeled and neoformed) [@pone.0101918-Huze1], as illustrated in [Fig. 11](#pone-0101918-g011){ref-type="fig"}. All types of NMJs could be found in both groups ([Fig. 11C--J](#pone-0101918-g011){ref-type="fig"}). Compared to controls, the percentage of denervated NMJs was significantly higher (51% versus 14%), and that of mature and immature NMJs significantly lower in the mutant (24% versus 31%, 25% versus 55% respectively; [Fig.11K](#pone-0101918-g011){ref-type="fig"}; *P*\<0.01).

![After surgery, newly innervated NMJs are less abundant, and muscles more atrophic in *Celsr3\|Emx1* than control mice.\
A, B: Five months post surgery, left (L, intact side) and right (R, surgery side) biceps brachii were weighted. The R/L wet weight ratio was 97% in control mice versus 80% in mutant mice (\*\*: *P*\<0.01, *t*-test, n = 10 in each group). C--J: Different classes of NMJ in the biceps at 5 months post surgery, stained with anti-NF200 to label regenerating axon (green), and anti-*α*-BT to label AchR clusters (red). In remodeled NMJs, thin axon terminals innervate some but not all fragmented AchR clusters (arrows in E, I). Neoformed NMJs are characterized by small AchR clusters innervated by thin axons that lack terminal arbors (asterisks in F, J). Quantification in K, 100 NMJs in each group, n = 4 mice; \*\*: *P*\<0.01, one-way ANOVA.](pone.0101918.g011){#pone-0101918-g011}

To assess whether newly formed NMJs were functional, we recorded EMG of biceps brachii upon stimulation of musculocutaneous nerves. Stimuli--induced EMG in re-innervated muscles, particularly the peak-to-peak amplitude, was reduced in the mutant ([Fig. 12A--C](#pone-0101918-g012){ref-type="fig"}; *P*\<0.05, n = 10 in each group). We also recorded EMG of biceps brachii on non operated sides and calculated the EMG peak ratio of the intact to lesion side (R/L), which was 88% in control versus 51% in mutant mice, a significant difference ([Fig. 12C](#pone-0101918-g012){ref-type="fig"}; *P*\<0.05, n = 10 in each group).

![EMG amplitude in re-innervated muscles is smaller in *Celsr3\|Emx1* than control mice.\
EMG was recorded in biceps 5 months post surgery, upon stimulation of the musculocutaneous nerve. On operated sides, the peak-to-peak amplitude is much reduced in the mutant (A, B, C). Simultaneously, EMG of biceps brachii was recorded on intact sides and the EMG peak ratio of the lesion to intact side (R/L) was calculated (D). The mean R/L ratio reaches about 88% in control mice versus 51% in mutant mice, showing a significant difference between two groups (D). \*: *P*\<0.05, *t*-test, n = 10 in each group.](pone.0101918.g012){#pone-0101918-g012}

Discussion {#s4}
==========

In parallel to social and economic development, the number of SCI patients with brachial plexus injury (BPI) increases steadily, justifying the study of animal models [@pone.0101918-Midha1], [@pone.0101918-Faglioni1], [@pone.0101918-Dorsi1]. The present work was aimed to assess the impact of absent corticospinal input on recovery from BPI, by using root avulsion and re-implantation in mice, and by comparing normal and mutant mice with congenital absence of CST. We show that the mutant mice with the absence of CST behave decreased anatomical and functional recovery of motor axons after root avulsion, but higher motoneuron survival.

Although motoneurons are located in the central nervous system, their axons have the potential to regenerate, presumably because they travel mostly in the periphery. Root avulsion with re-implantation has been used to test regeneration of motor axons, re-innervation of target muscles, and functional recovery, initially in cats [@pone.0101918-Midha2], [@pone.0101918-Cullheim1] and then in other animal models, as well as in patients [@pone.0101918-Carlstedt3], [@pone.0101918-Fournier1]. Root re-implantation provides a scaffold for regrowth of motoneuron axons, and fosters motoneuron survival [@pone.0101918-Gu2], [@pone.0101918-Hoang1]. The biceps brachii is innervated mainly by C6 motoneurons. Avulsion of C5--C7 roots followed by C6 roots re-implantation therefore allows to focus on C6 motoneuron axon regeneration and biceps re-innervation [@pone.0101918-Carlstedt1], [@pone.0101918-Gu1], [@pone.0101918-Gu2], [@pone.0101918-Chai1], [@pone.0101918-Hoffmann1].

Previous models to study the effects of cortical input on motoneuron function use cortical or CST lesions that disconnect a previously wired system in animals [@pone.0101918-Clowry1]--[@pone.0101918-Gibson2]. The genetic model used here is different in that the CST never develops in those animals, and that plasticity during development could palliate the absence of CST, therefore generating a non physiological situation. Plasticity during development is indeed supported by our evidence that the rubrospinal tract is increased in size in *Celsr3\|Emx1* mice, whereas other descending tracts such as reticulo- or vestibulo spinal are unaffected (unpublished observations). Despite those intrinsic limitations, our genetic model has the advantage that no experimental lesion in cortex or CST is carried out, and therefore problems of interpretation related to the accuracy of surgical procedures, postsurgical inflammation and physiopathological and anatomical reactions to disconnections of other systems are eliminated.

Upon root avulsion and axotomy, motoneurons undergo a retrograde reaction and their phenotype switches from a transmitter to a regenerative state, which is reflected in gene expression profiles [@pone.0101918-Navarro1], [@pone.0101918-Risling1]. For example, the expression of neurotrophic factor receptor genes changes [@pone.0101918-Hammarberg1], and this may explain why the local administration of neurotrophic factors fosters the regeneration of motor axons and functional rehabilitation [@pone.0101918-Chu1], [@pone.0101918-Novikov1]--[@pone.0101918-Zhou2]. Changes in motoneuron morphology and gene expression after axotomy hamper quantification of motoneuron numbers using Nissl staining or immunohistochemistry. Inasmuch as such changes do not occur after removal of cortex or section of CST, they do not affect comparison of motoneuron numbers between control and *Celsr3\|Emx1* mutant mice. But they clearly make it difficult to distinguish between decreased motoneuron numbers at 5 months ([Fig. 4](#pone-0101918-g004){ref-type="fig"}) and decreased marker expression, Nissl body concentration and/or shrinking of their soma. Since our observations concern comparison between mutants and controls, we believe that our main conclusion that mutant mice lacking CST have lower motoneuron axonal recovery yet higher survival following axotomy, are not or minimally affected by this issue.

When monitoring the dynamics of changes after root re-implantation, we found that a gradual recovery began at 3 weeks after surgery in control, indicating that plasticity changes in young adult mice proceed faster than in rats and cats [@pone.0101918-Gu2], [@pone.0101918-Hoffmann1]. Root avulsion and re-implantation triggered motor axon regeneration, monitored by GAP-43 expression [@pone.0101918-Harding1], and remyelination by Schwann cells, followed by MBP expression [@pone.0101918-Forghani1], as described in other settings. It also induced activation of microglia, which may contribute to neural repair by releasing neurotrophic factors and anti-inflammatory cytokines, while simultaneously damage cells after injury [@pone.0101918-GomesLeal1]. Those three events were generally more pronounced in control than in *Celsr3\|Emx1* mutant animals. In addition, injury activates some genes expression at the early stage which may influence axonal regeneration. Higher increase of c-Jun in our observation in control mice probably contribute to better neural repair as seen in the morphology and function studies. Similarly, at five months post surgery, at the end of the plasticity period, behavioral tests as well as morphological analysis of peripheral nerve, of NMJ and EMG studies showed that recovery is more complete in control than in mutant mice. Somewhat paradoxically, the number of motoneurons that survived the procedure was higher in mutant than control animals. Neuronal survival is estimated by by the R/L ratio of spinal motoneuron number. In the mutant, there are less spinal motoneurons than in control mice, namely, the intact side (L) has less motoneurons in the mutant than in the control (Unpublished observation), and it is possible that remaining spinal motoneurons in the mutant are more resistant to injury. Higher expression of TrkB and BDNF and the lower microglial activation on injured spinal sides in the mutant than in the control may be contributing factors. In future, we plan to study this question further, particularly by comparing the expression of neurotrophic factors and their receptors at different time-points post surgery.

As mentioned in the Introduction, numerous studies proposed that corticospinal inputs regulate maturation and neural activities during the early development of the spinal cord, but not in adults, and cortical stimuli contribute to functional recovery after spinal cord injury. Although the mechanisms remain poorly defined and require further studies, our results provide evidence that corticospinal inputs probably influence spinal motoneuron axonal regeneration and functional recovery, and suggest that the manipulation of corticospinal transmission maybe a way to foster axonal repair after BPI.
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